Although significant progresses have been achieved recently in developing catalysts for electrochemical oxygen evolution in alkaline electrolytes, high performance catalysts toward oxygen evolution in acidic media have not been realized in spite of the technical importance for the development of promising energy transformation technologies including electrocatalytic water splitting, integrated (photo)electrochemistry cells, rechargeable metal-air batteries, and so on. Here, we synthesized a three-dimensional nanoporous Ir 70 Ni 30-x Co x alloy microwires as oxygen evolution reaction electrocatalyst using a dealloying strategy. The three dimensional binderfree np-Ir 70 Ni 15 Co 15 catalyst in 0.1 M HClO 4 shows a low overpotential (220 mV@ η = 10 mA cm −2 ), low Tafel slope (44.1 mV dec −1 ) and excellent corrosion resistance, significantly outperforming commercial IrO 2 catalysts.
Introduction
The oxygen evolution reaction (OER) is a critical anodic process in electrochemical water splitting and rechargeable metal-air batteries [1] . Although recent reported electrocatalysts have shown enhanced performance toward electrochemical water splitting [2] [3] [4] [5] , OER electrocatalysts suffer significantly from sluggish kinetics and/or low stability in acidic electrolytes. The low efficiency mainly results from the sluggish multi-proton coupled electron transfer to the oxygen intermediate species over the catalyst surface [6] [7] [8] . Though the acid environment with high proton conductivity and high-grade purity is favorable for OER [9] , most recent electrocatalysts are not stable under strong acidic conditions [10] . Thus, developing efficient electrocatalysts for low pH environment is a still a challenge. The low-abundance Ir-based systems are known to be the best OER catalysts in acidic media [11] . Although, many efforts have focused on the designing and engineering of Ir-based OER catalysts by modifying morphologies or compositions. For example, Ir-based nanoclusters [12] , Co-doped IrCu alloys [13] , IrNi oxides [14] , Ir-based nanoframes [15] have been reported recently, most researches are focused on Ir-based nanoparticles (NPs) or some irregular materials by wet chemical synthesis, but the surfactants attached on the surface of the catalysts not easy to remove [16] . Furthermore, these Ir-based catalysts are usually pasted on carbon supports by addition of binding materials (e.g. Nafion), which could suffer serious corrosion in harsh acidic electrolytes, resulting in poor stability in long-term OER process [17] . Thus, the facile and controllable synthesis of surfactant-free, ultrafine, and self-supported threedimensional (3D) Ir-based alloyed electrocatalysts via a simple, inexpensive, and scalable approach, is extremely desirable for efficient electrocatalytic oxygen evolution.
Among many synthesis methods that have been developed for 3D self-supported electrocatalyst, such as galvanic replacement [18] , template assisted [19] , hydrothermal [20] , and dealloying [21] . Dealloying is a selective electrochemical dissolution process of less noble component from the mother alloy, while the retained noble metal form a 3D bicontinuous nanoporous (np) architectures by interfacial selfassembly and self-diffusion [22, 23] . Bi-or multi-metallic nanoporous metals, especially Au, Pd and Pt-based alloys, are extensively synthesized by utilizing this approach to improve catalytic activities toward the molecular oxidation/reduction reaction [24, 25] . These alloys with bicontinuous pores provide efficient mass diffusion and allow more accessible interior active sites. Moreover, the interconnected ligaments offer free paths for fast electron transfer. Besides, the self-supported 3D skeleton could withstand the corrosion problems during long-term catalysis process under the harsh acidic environment [26] . Therefore, rationally designed nanoporous Ir-based alloys with multiple redoxactive metals are expected to be a promising approach of boosting efficient and durable OER catalysts due to the integration of advantageous hybrid porous architectures, free-standing interconnected structures, and synergistic interactions of alloying.
Herein, we present a facile, one-step dealloying synthetic route to prepare multimetallic Ir 70 Ni 30-x Co x (x = 0, 15, 30) microwires (MWs) with ultrafine nanoporous structure. The 3D binder-free nanoporous Ir 70 Ni 15 Co 15 catalyst exhibits highly efficient and stable OER electrocatalytic activity with overpotential of 220 mV at a current density of 10 mA cm −2 and Tafel slope around 44.1 mV dec −1 in acidic electrolyte. These extraordinary catalytic activities toward acidic water splitting have not been achieved from many other state-of-the-art OER electrocatalysts before.
Experimental section

Synthesis of precursor Ir 3 Ni 97-x Co x ribbons
The Ir 3 Ni 97-x Co x (x = 0, 50, 97) alloy ingot was prepared by arc melting under an argon atmosphere. A melt spinning technique was introduced to rapidly quench the re-melt the alloy ingots by the cold surface of a spinning copper roller to achieve a homogeneous The np-Ir 70 Ni 30-x Co x (x = 0, 15, 30) MWs catalysts were fabricated by electrochemically etching the single-phase Ir 3 Ni 97-x Co x (x = 0, 50, 97) precursors in a 0.25 M HCl solution using an electrochemical workstation (CHI 760e) in a standard a standard three-electrode configuration with a Ag/AgCl electrode as the reference electrode and a graphite sheet as the counter electrode. The dealloying current gradually decreases with the dealloying time at a designed potential. We set up a current threshold of 1 mA cm −2 to terminate the dealloying instead of time and etching depth. The dealloyed samples were rinsed by deionized water for more than three times to remove the residual chemical substances within nanopore channels.
Characterization
X-ray diffraction (XRD) patterns of the samples were taken by using a Bruker D8 Advance X-ray diffraction with Cu Kα radiation (λ = 1.5418 Å). Microstructure and chemical composition were inspected with a Zeiss Sigma HD SEM (at 10 kV and 8.5 mm work distance.) equipped with an Oxford energy dispersive X-ray spectroscopy. The transmission electron microscopy (TEM), high-angle annular dark field-scanning TEM (HAADF-STEM) and energy dispersive X-ray spectroscopy (EDS) mapping were taken by a JEM-ARM 200F with double spherical aberration (Cs) correctors for both the probe-forming and image-forming objective lenses at an accelerating voltage of 200 kV. The chemical state and composition of the samples were characterized using X-ray photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250Xi) with a Al Kα monochromatic (150 W, 20 eV pass energy, 500 µm spot size). The specific surface area was obtained from the results of N 2 physisorption at 77 K (Micromeritics ASAP 2020) by using the BET (Brunauer-Emmet-Teller). The content of Ir, Ni and Co were obtained via the inductively coupled plasma-optical emission spectrometer (ICP-OES) (Agilent 730). X-ray absorption spectra, including the X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS), were obtained at the Ir L 3 -edge, Ni K-edge and Co K-edge at the beamline 01C1 (National Synchrotron Radiation Research Center: NSRRC, Hsinchu, Taiwan). All spectra were obtained in the fluorescence mode at room temperature.
Electrochemical measurements
The electrochemical performances of the samples were investigated using an CHI760e electrochemical workstation in a three-electrode system, where the np-Ir 70 Ni 30-x Co x direct used as the working electrode, graphite electrode and Ag/AgCl electrode were used as the counter electrode and reference electrode. 0.1 M HClO 4 , 1.0 M KOH and 1.0 M phosphate buffered solutions (PBS) were served as the acidic, alkaline and neutral electrolytes, respectively. All applied potentials were converted with respect to reversible hydrogen electrode (RHE), E RHE = E Ag/AgCl + 0.0591 pH + 0.197 V, and the overpotential (η) for OER was calculated using the following equation:
Polarization curves were obtained by linear sweep voltammetry (LSV) with a scan rate of 2 mV s −1 and corrected by iR compensation.
Before the LSV measurement, the catalyst was conducted to a number of cyclic voltammetry (CV) cycles at a scan rate of 50 mV s −1 until a stable CV curve was obtained. The current densities (j) were based on geometric areas. Electrochemical impedance spectroscopy (EIS) plots were performed in the frequency range of 0.01-10 6 Hz with operating voltage at 1.45 V vs RHE. The Tafel plots were derived from the LSV curves and calculated based on the equation η = b*log j + a, where b and j are the Tafel slope and current density, respectively. The electrochemical active surface areas (ECSA) were determined by taking CV measurement in acidic electrolyte with scan rates ranging from 10 to 50 mV s
with an interval point of 10 mV s −1 . The double layer capacitance (C dl )
was calculated by plotting the charge current density differences (Δj = j anodic -j cathodic ) at middle potential windows against the scan rate. The slope of the fitting line is equal to twice of the C dl . The C S was estimated according to our previous work [21] , ECSA was calculated by dividing the C dl with the C S [27] . The accelerated stability measurements were performed by potential cycling between 1.0 V and 1.7 V versus RHE with a sweep rate of 50 mV s −1 . After cycling, the resultant electrode was used for polarization curves with a sweep rate of 2 mV s −1
. Long-term durability test was carried out under a constant voltage. The pure IrO 2 and Ir/C (20 wt%) inks were loaded on a glassy carbon electrode (surface area: 0.196 cm 2 ), the loading mass is 0.25 mg Ir cm −2 and 0.1 mg Ir cm −2 , respectively.
Calculation methods
All the density functional theory (DFT) calculations were using Vienna Ab-initio Simulation Package (VASP). The spin-polarized projector augmented wave (PAW) projectors and the Perdew-BurkeErnzerhof (PBE) functional of generalized gradient approximation (GGA) was applied to describe the electronic structures of materials. In this regard, the adsorption energies of oxygen intermediates on the stable (110) crystal surface of a rutile IrO 2 has been systematically studied. The cutoff energy was set as 450 eV. The convergence thresholds were set as 1 × 10 −4 eV/atom for the energy, and atomic relaxation was performed until all components of the residual forces were less than 3 × 10 and the lattice constants was optimized. This was done to allow for symmetry breaking, as well as other interactions along this axis, which were observed for multiple geometries. In our calculations, we explored the four-electron path using the computational hydrogen electrode (CHE) model under an external potential of 1.23 V.
Results and discussion
To obtain the uniform nanoporous structure of np-Ir 70 Ni 30-x Co x , the Ni and Co were selectively dissolved from Ir 3 Ni 97-x Co x (x = 0, 50, 97) precursor alloys by the electrochemical corrosion in a HCl solution at the designed potential (see Section 2). X-ray diffraction (XRD) patterns of the Ir 3 Ni 97-x Co x (x = 0, 50, 97) precursor alloy ribbons are shown in Fig. S1 , the three diffraction peaks are assigned as (111), (200), and (220) diffractions of a face centered-cubic (fcc) phase, respectively. Since the amount of Ir is low (∼ 3 at%) in the precursor alloy, positions of the three diffraction peaks are very close to those of pure Ni (JCPDS No.04-0850) or Co (JCPDS No.15-0806). After dealloying, the XRD diffraction peaks of the samples (Fig. S2 ) moved to lower angles, which locate between diffraction the peaks of pure Ir (JCPDS No.65-1686), and Ni/Co, indicating the significant alloy nature of the products [28] . The morphology of the as-prepared np-Ir 70 Ni 30-x Co x MWs was examined by utilizing field emission scanning electron microscopy (SEM). As revealed in Fig. 1a and Fig. S3a and S3b, the np-Ir 70 Ni 30-x Co x alloy displays a well-connected grains and an aligned 3D microwires structure, with a length of each microwire~10 µm (inset of Fig. 1a) . The corresponding energy dispersive X-ray spectroscopy (EDS) analysis further provides a chemical composition of np-Ir 70 Ni 30-x Co x (Fig. S4) (Fig. 1d) is 0.22 nm, which is indexed as the (111) plane of fcc Ir-Co-Ni alloy phase [29] . The chemical homogeneity of the nanoporous alloy is verified by scanning TEM-energy-dispersive X-ray spectroscopy (EDS) (Fig. 1e) . -weighted EXAFS spectra of Ir L 3 -edge is shown in Fig. 2e . As shown in Fig. 2f , the Fourier transform (FT) curve of the Ir L 3 -edge for np-Ir 70 Ni 15 Co 15 in R space is obviously different from the standard reference samples, indicating a different arrangement of Ir atoms. The main distinct peak (2.2 Å) is shorter than Ir-Ir bond (2.52 Å) in Ir foil but longer than that of Ir-O bond (1.62 Å) in IrO 2 , which indicates the formation of Ir-Co/Ni coordination in the alloy, and it matches well with the XRD results. Similar results are also observed in previously reported Ir-Co [33] and IrNi alloy [34] . The XANES of nickel and cobalt are both close to those of Ni and Co foil references (Fig. S6a and 6c) , while the spectral differences mainly result from minor saturation effects due to the fluorescence yield detection mode. Here, the metal nature of both Ni and Co shown by XANES differs from that shown by XPS results, where both metal and oxides are found, mainly due to the bulk and surface sensitive detection depth difference of these two methods. In the FT-EXAFS results as shown in Fig. S6b and 6d , the main peaks~2.2 Å correspond to the nearest-neighbor Ni-Ni and Co-Co bond distance [35] .
The OER properties of the Ir-based nanoporous catalysts are investigated with a three-electrode system in acidic electrolyte. Before the lineal sweep voltammetry (LSV) test, the catalysts as self-standing electrodes were activated via cyclic voltammetry (CV) scanning from 1.0 to 1.7 V versus Reversible Hydrogen Electrode (RHE) at a sweep rate of 50 mV s −1 . Fig. 3a shows the linear polarization curves of np- Fig. S7 . The specific activity is obtained from the current density (overpotential @270 mV) normalized by the electrochemical active surface area (ECSA), derived from the electrochemical double-layer capacitance (C dl ) measured by a cyclic voltammetry (CV) method (Fig. S8) . The np-Ir 70 Ni 15 Co 15 MWs electrode shows the highest specific activity of 0.25 mA cm −2 , which is approximately 2.5 times higher than that of commercial IrO 2 (inset of Fig. 3a) . The significant distinction in OER performance between the binary and the trimetal catalysts is tentatively originated from the alloying effect. The Tafel slope is a kinetic parameter to gain deeper understanding of the intrinsic reaction mechanism of OER. Fig. 3b shows that the ), which is smaller than that of the commercial IrO 2 (56.4 mV dec −1 ). More interestingly, as shown in Fig. 3c and Table S1 , the np-Ir 70 Ni 15 Co 15 shows superior OER activity compared to other available Ir-based catalysts under acid conditions. Electrochemical impedance spectroscopy (EIS) of the npIr 70 Ni 30-x Co x (x = 0, 15, 30) electrodes further confirm that the Ir-based trimetal alloy with 3d transition metal contribute to a lower internal resistance and a faster charge transfer for low onset potential and high OER kinetics (Fig. S9) . The durability of np-Ir 70 Ni 15 Co 15 and commercial IrO 2 was evaluated by using CV cycles and chronoamperometry technique. As presented in Fig. 3d , the linear polarization curve of npIr 70 Ni 15 Co 15 retained the initial performance with a slight decay (~13 mV) after 3000 cycles, suggesting that the extraordinary longterm stability for OER in acidic electrolyte. The chronoamperometry test of np-Ir 70 Ni 15 Co 15 at 1.45 V versus RHE shows continuous stability for 24 h with no sign of decay (Fig. 3e) . On the contrary, the commercial IrO 2 powder has an obviously current decay after a continuous electrolysis at a constant potential for less than 4 h. Besides the harsh acidic environment, the degradation may be ascribed to the peeling of electrocatalysts from the glass carbon electrode during the long-term OER process. Moreover, we examined the np-Ir 70 Ni 15 Co 15 MWs electrode under XRD, XPS, SEM, and TEM observation after chronoamperometry testing in acidic media (Fig. S10-S12 ). The composition and nanoporous structure of alloy are well retained after the stability measurement, again verifying the excellent stability in acidic environment. The dissolution behaviors of Ir, Ni and Co in electrolyte were analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES) (Fig. S13) (Fig. S14) . In addition to the acidic solution, np-Ir 70 Ni 15 Co 15 also have highly active toward OER in neutral and basic solution (Fig. S15 ). At the current density of 10 mA cm −2 , the overpotentials are as low as 290
and 190 mV, together with small Tafel slopes of 63.5 and 57.9 mV dec −1 , in the neutral and basic solutions, respectively. It is worth noting that such high catalytic activities in basic and neutral media are comparable and even superior to best OER catalysts reported in the literature (Table S2 and Table S3 Fig. 4a , the positive shift of Ir 4f 7/2 peak from 60.5 eV corresponding to metallic Ir to 61.7 eV, typically assigned to Ir IV [36] . Similar to Ir, the metallic state of Ni and Co nearly disappeared and transformed into high state is present in Fig. S16 . Simultaneously, an increase in the contribution from lattice oxygen (530.1 eV) O 1s spectra is observed after the OER proceeds, which is indicative of the growth of the oxide on the surface of metallic Ir (Fig. 4b) . The above XPS phenomena indicated that the Ir can be oxide to high state IrO x species. The TEM and HAADF-STEM also confirms that the Ir oxide species are restructured on the surface of npIr 70 Ni 15 Co 15 after OER (Fig. S17) , which benefit to the stability of catalyst [37] . As shown in Fig. 4c and inset picture, the intensity of the white line peak of the normalized XANES spectrum of the post-OER npIr 70 Ni 15 Co 15 has a positive shift and higher than the initial npIr 70 Ni 15 Co 15 , indicating that the valence of Ir species was increased [32] . The corresponding FT curve further confirms the oxidation of local coordination environment of Ir atoms from the strong peak of Ir-O (1.5 Å) bond (Fig. 4d) . However, the XANES curves of Ni K-edge slightly shift to a lower energy is directly observed after OER (Fig. S6a) , indicating the oxidation state in the samples is reduced. The increase of a shoulder peak at 7716 eV in Fig. S6c indicated that Co of npIr 70 Ni 15 Co 15 has a low-spin square-planar configuration, compared to the high-spin octahedral configuration in CoO [35] . These phenomena can also be verified in Fig. S6b and 6d which the shoulder peak of Ni-O (1.5 Å) and Co-O (1.2 Å) bond was disappeared. We supposed that the results is due to the self-reconstruction of Ir migration from the bulk to the surface layer in an acidic electrolyte [38] . Based on the above discussion, we conclude that, the surface Ir species with high valence and low-coordination structure as real active site can promote OER performance [39, 40] . Density functional theory (DFT) calculations are carried out to gain insights into the fundamental mechanisms of the outstanding OER catalysis of Ir 70 Ni 30-x Co x . Fig. 4e showed the projected DOS (PDOS) of IrO 2 and the Ir 70 Ni 15 Co 15 models using the general gradient approximation (GGA) calculation. The bimetallic doped models electron density at the Fermi level changed to a narrow shape, which will improve surface activity of catalyst and proceed the electron-proton charge exchange with a fast adsorption and desorption process [41] . Previous studies indicated that the OER activities of transition metal compounds are mainly evaluated by the energetics of the intermediates (*OH, *O, and *OOH) on the catalyst surfaces [30] . The IrO 2 system exhibits that the *OH formation (ΔG *OH = -1.018 eV) is the rate-determining step (Fig. 4f and Table S4 ). The (Ir 0.7 Ni 0.15 Co 0.15 )O 2 , from which it is found that the binding energy of *O reduced from -1.737 to -0.684 eV and the binding energy of *OOH increased from -0.623 to -1.135 eV relative to the IrO 2 system (Fig. 4f) . ) and low Tafel slope of 44.1 mV per decade. The excellent performance is attributed to the nanoporous structure and the alloying effect, which promote the permeation of electrolyte, accelerate the transportation of electrons. The XAS results acquired on synchrotron radiation demonstrated that the high valence Ir oxide species with low-coordination structure in np-Ir 70 Ni 15 Co 15 alloy are the real catalytic sites of OER process, leading to an enhanced OER activity and stability [42, 43] . This work not only provides fundamental understandings of the correlation between surface activity and stability for OER catalysts, but also paves a new way to advanced electrocatalysts working in acidic media.
